Lactobacillus plantarum is a lactic acid bacterium that converts pyruvate to L-(+)-and D-(-)-lactate with stereospecific enzymes designated L-(+)-and D-(-)-lactate dehydrogenase (LDH), respectively. A gene (designated ldhL) that encodes L-(+)-lactate dehydrogenase from L. plantarum DG301 was cloned by complementation in Escherichia coli. The nucleotide sequence of the ldhL gene predicted a protein of 320 amino acids closely related to that of Lactobacillus pentosus. A multicopy plasmid bearing the ldhL gene without modification of its expression signals was introduced in L. plantarum. L-LDH activity was increased up to 13-fold through this gene dosage effect. However, this change had hardly any effect on the production of L-(+)-and D-(-)-lactate. A stable chromosomal deletion in the ldhL gene was then constructed in L. plantarum by a two-step homologous recombination process. Inactivation of the gene resulted in the absence of L-LDH activity and in exclusive production of the D is
Lactobacillus plantarum is a lactic acid bacterium that converts glucose to pyruvate via the Embden-Meyerhof-Parnas pathway. Most of the pyruvate is reduced to lactate, which is the major fermentation end product. However, less efficient ways of dissipating pyruvate such as pyruvate formate-lyase (20) and acetolactate synthase (28) pathways have also been described for L. plantarum.
Lactate dehydrogenases (LDH) are responsible for the final conversion of pyruvate to lactate with the concurrent oxidation of NADH formed during glycolysis. Some lactic acid bacteria, includingL. plantarum, produce both L-(+)-and D-(-)-lactate from pyruvate by distinct and stereospecific enzymes called L-LDH (EC 1.1.1.27) and D-LDH (EC 1.1.1.28), respectively. In these species, the ratio of L-(+)-to D-(-)-lactate secreted into the culture supernatant changes with growth stage and conditions (14) . Other lactic acid bacteria have only one LDH and therefore produce only one isomer of lactate. Although the type of lactate formed is used in the classification of lactic acid bacteria (35) , the physiological role of each enzyme and their corresponding products have not yet been investigated. Indeed, in addition to being a metabolic end product, lactate is also involved in several energetic processes. In the absence of glucose, L. plantarum is able to use lactate as an energy source. This metabolic ability has been described under both aerobic and anaerobic conditions (20, 29) and seems to involve distinct pathways. Lactate is also involved in the energy recycling process which generates metabolic energy by end-product efflux (19, 37) . The extrusion of protons in symport with lactate via specific carriers is a source of energy because it contributes to the generation and the maintenance of a proton motive force across the cytoplasmic membrane. This proton motive force is an essential driving force in metabolic processes such as amino acid transport (11) . The Single-stranded DNA for sequencing reactions was synthesized by asymmetric PCR adapted from the work of McCabe (25) .
DNA sequencing. Sequencing reactions were performed by the primer walking strategy with the Sequenase kit (U.S. Biochemical) on double-stranded plasmid DNA or on singlestranded DNA from asymmetric PCR (25) .
LDH and lactate assays. LDH activity was measured on crude cell extracts. L. plantarum cells from 10-ml cultures grown anaerobically were harvested by centrifugation, resuspended in a final volume of 1 ml of phosphate buffer (pH 5.6) (KH2PO4 [73 mM], Na2HPO4 [3.5 mM]), and broken mechanically with a Braun homogenizer (three times during 30 s with an equal volume of 0.18-mm glass beads). Cellular fragments were eliminated by centrifugation at 12,000 x g. The LDH assay was performed as previously described (3) . Residual L-LDH activity corresponds to the activity measured after crude cell extracts are heated for 3 min at 50°C to inactivate D-LDH enzyme (27) . Total protein in cell extracts was measured according to the method of Lowry et al. (22) . One unit of activity corresponds to the oxidation of 1 Nucleotide sequence accession number. The ldhL nucleotide sequence reported in this paper will appear in EMBL, GenBank, and DDBJ data bases under accession number X70926.
RESULTS AND DISCUSSION
Cloning of the ldhL gene of L. plantarum in E. coli. The ldhL gene from L. plantarum DG301 was cloned by complementation of the E. coli FMJ144 strain deficient for lactate dehydrogenase and pyruvate formate-lyase (23) . Previous works have shown that anaerobic growth of this strain can be restored by complementation with an ldh gene (3, 9) . A genomic library from L. plantarum DG301 was prepared in plasmid pJDC9, and about 45,000 recombinant plasmids were transferred into E. coli FMJ144 for complementation. Twenty-six recombinant candidates restoring anaerobic growth of the mutant host were isolated. LDH have also been observed in the 5' noncoding region (Fig. 1 , double underline). Inspection of the 3' noncoding sequence shows a putative transcriptional termination signal consisting of an inverted repeat sequence followed by a cluster of T that could form a stem and loop structure in mRNA with a calculated free energy of -12.6 kcal/mol (Fig. 1, (13) . The two amino acids involved in acid-base catalysis (H-1-95 and D-168) and a series of amino acids involved in substrate binding and specificity (R-171, Q-102, T-246, R-109) can also be identified by comparison (6, 7) .
Among other bacterial L-LDH, the highest degree of identity was observed with that of the closely related species Lactobacillus pentosus (36 (27) . These data (Table 2) show a large increase in specifiC L-LDH activity associated with the multicopy plasmid (13- The next attempt to perturb the lactic acid fermentation pathway was the construction of an L. plantarum id/L-deficient strain. The procedure used leads to a completely stable chromosomal deletion within the idhiL gene through a two-step homologous recombination process (Fig. 2) Residual L-LDH activity was determined in crude cell extracts after a 3-min heat treatment of the sample (50°C) to inactivate D-LDH. c Lactate concentrations in culture supernatants were determined enzymatically with a commercial E-( -)-and L-(+)-lactate dosage kit (see Materials and Methods).
d These data represent average values (from four individual measures) followed by their standard deviations.
e The amount of L-(+)-lactate measured in culture supernatant from TF101 corresponds to the concentration of this isomer in fresh MRS medium.
internal region (L2). Campbell-type integration of the vector (involving the Li or L3 region) results in a wild-type L-LDH phenotype. Secondary excision through intrachromosomal recombination within the other region of homology (L3 or Li) leads to deletion of the internal L2 region of the IdhL gene.
The deletion was first created in a pJDC9-borne copy of the IdhL gene. Removal of the 305-bp HpaI-NruI fragment (L2) inside the open reading frame resulted in a nonfunctional IdhL gene with a 684-bp 5' fragment (Li) and a 446-bp 3' fragment (U). The resulting plasmid (pGIT015) could have been used directly as a nonreplicating vector for the first-step integration in L. plantarum. However, homologous recombination frequencies depend on the length of homologous regions, which are quite short in pGIT015 (684-and 446-bp). The use of suicide vectors is also limited by the efficiency of electrotransformation, which is also relatively low with L. plantarum NCIB8826 (about 105 transformants per ,ug of DNA). Therefore, an unstable autoreplicative vector was preferred for the first-step integration event. The origin of replication from plasmid pE194 (38) (XbaI-PstI fragment from pGIP711 [17] ) was inserted in the XbaI-PstI sites of pGIT015. As expected, the resulting pGIT017 vector was able to replicate in L. plantarum but displayed a high segregational instability in this host.
The plasmid pGIT017 was introduced into L. plantarum NCIB8826 by electrotransformation. One of the transformants isolated on selective MRS plates was grown in the presence of antibiotic for about 10 generations. These selective conditions maintained the autoreplicative plasmid in the bacterial population and facilitated the expected integration event. A fraction of this population was further cultivated for about 50 generations in nonselective medium in order to allow segregational loss of nonintegrated plasmids. At this stage, about 1% of the bacteria still retained the resistance phenotype when plated onto selective medium. For all the clones tested, this phenotype was stable in the absence of selection, suggesting that they had undergone a primary recombination event. One of these erythromycin-resistant clones was further grown for 30 generations without antibiotic. Intrachromosomal recombination followed by segregational loss of the excised vector led to erythromycin sensitivity which was observed in about 1% of the population. As described above, a secondary excision event can restore the initial L-LDH phenotype or else result in a deletion in the chromosomal gene. To distinguish between these two possibilities, a pair of oligonucleotides was chosen on both sides of the deletion site (Fig. 2, asterisks) . In this way, PCR performed on chromosomal DNA would amplify a 462-bp fragment for the wild-type copy of the gene, whereas the deleted allele would yield a shorter fragment of 157 bp. A total of 5 of 12 tested clones yielded the shorter amplified fragment. Sequencing of the 157-bp PCR fragment definitely confirmed the deletion (data not shown). This L. plantanum strain was designated TFlOl. According to our strategy, the second recombination event (excision) could result with equal probability in either wild type or L-LDH deficiency phenotype. The proportion of deleted clones (5 of 12 candidates) and the fact that the deleted and the control strains have similar growth curves suggest that the loss of L-LDH activity, and consequently the absence of L-(+)-lactate production, is not detrimental to this bacterium.
Specific LDH activity measurements in crude cell extracts from L. plantarum TF101 and NCIB8826 (wild-type strain) after 22 h of anaerobic growth are listed in Table 2 . These data demonstrate a 60% reduction in total LDH activity in the IdhL-deleted strain, with no detectable L-LDH activity. Data reported in Table 2 also show that L. plantarum TF101 only produces D-( -)-lactate, and the production of this isomer was increased so that the global concentration of lactate in the culture supernatant remained virtually unchanged. This compensatory production of D-(-)-lactate by the TF1l1 strain after 22 h of growth is not due to a late accumulation of this isomer. Indeed, similar results have been obtained at various stages taken in both the growth phase and the stationary phase (data not shown).
In conclusion, our results show that the amount of pyruvate reduced to lactate in L. plantarum is not limited by the activity of either L-or D-LDH. Indeed, neither the increase nor the absence of the L-LDH activity in the manipulated strains resulted in a modification of global lactate production in this bacterium. These observations, as well as the fact that the ratio of L-(+)-to D-(-)-lactate remained close to unity despite the drastic overexpression of the ldhL gene, suggest that the conversions of pyruvate to both L-( -)-and D-( -)-lactate are near-equilibrium reactions. Therefore, two possible explanations could be envisaged. On one hand, lactic acid production could be limited by the rate of glycolytic flux, the pyruvate being reduced to lactate as soon as it is produced. Note that the NAD+ coenzyme is not suspected to be a limiting factor since its intracellular concentration in lactic acid bacteria represents a large excess of the amount necessary for the operation of the glycolytic system (31) . On the other hand, the rate-limiting factor could be the lactate excretion step which would therefore operate at the maximum rate. In this case, the compensatory production of D-(-)-lactate in the L-LDH-deficient strain would suggest that the two lactate isomers share a common, nonstereospecific transport system as previously described for other species (16, 24) .
